Tau is an intrinsically disordered protein with an important role in maintaining the dynamic instability of neuronal microtubules. Despite intensive study, a detailed understanding of the functional mechanism of tau is lacking. Here, we address this deficiency by using intramolecular single-molecule Förster Resonance Energy Transfer (smFRET) to characterize the conformational ensemble of tau bound to soluble tubulin heterodimers.
Tau is an intrinsically disordered protein with an important role in maintaining the dynamic instability of neuronal microtubules. Despite intensive study, a detailed understanding of the functional mechanism of tau is lacking. Here, we address this deficiency by using intramolecular single-molecule Förster Resonance Energy Transfer (smFRET) to characterize the conformational ensemble of tau bound to soluble tubulin heterodimers.
Tau adopts an open conformation on binding tubulin, in which the long-range contacts between both termini and the microtubule binding region that characterize its compact solution structure are diminished. Moreover, the individual repeats within the microtubule binding region that directly interface with tubulin expand to accommodate tubulin binding, despite a lack of extension in the overall dimensions of this region. These results suggest that the disordered nature of tau provides the significant flexibility required to allow for local changes in conformation while preserving global features. The tubulin-associated conformational ensemble is distinct from its aggregation-prone one, highlighting differences between functional and dysfunctional states of tau. Using constraints derived from our measurements, we construct a model of tubulin-bound tau, which draws attention to the importance of the role of tau's conformational plasticity in function.
single-molecule FRET | intrinsically disordered proteins | microtubuleassociated protein | tauopathies | Alzheimer's disease M icrotubules play an important role in a host of critical cellular processes, including positioning of organelles, maintaining cell shape, axonal transport, and cell division (1) (2) (3) . Their constituent subunits, α/β-tubulin heterodimers, polymerize head to tail to form linear protofilaments that subsequently associate laterally into microtubules. Microtubules are dynamic structures with biological functions that are dependent on their ability to grow and shrink in a temporally and spatially controlled manner in response to cellular signals. Critical to microtubule function is that they undergo nonequilibrium phases of elongation and depolymerization, termed dynamic instability (4) . Given the importance of dynamic instability to microtubule function, it is highly regulated by a family of nucleotideindependent microtubule-associated proteins (5) .
Tau is a microtubule-associated protein first characterized as a promoter of microtubule assembly both in vitro (6) and in vivo (7) . Numerous studies have helped provide details on its role in modulating microtubule growth dynamics (8) (9) (10) (11) . Tau is found primarily in the axons of neurons (12, 13) . It is thought that tau may have an important role in regulating axonal transport (14, 15) , and it has been reported to inhibit the activity of several microtubule motor proteins (16) (17) (18) . Aggregation of tau is linked to a number of neurodegenerative disorders termed tauopathies, among them Alzheimer's disease (reviewed in ref. 19 ). Additionally, the loss of native, functional interactions between tau and microtubules and subsequent destabilization of microtubules are thought to contribute to pathology (20, 21) . Mutations linked to disease have been observed to enhance binding of tau to soluble tubulin (22) as well as disrupt interactions with microtubules (23, 24) , suggesting possible mechanisms for the loss of microtubule stability.
Tau consists of a microtubule binding region (MTBR) composed of imperfect repeats R1-R4 (25), a flanking basic proline-rich region (P1 and P2) that enhances microtubule binding and assembly (9) , and an N-terminal projection domain with putative roles in microtubule spacing (26) , membrane anchoring (27) , and tau dimerization (28) (Fig. 1) . Alternative splicing results in the expression of six isoforms of tau in the adult human brain, with up to two N-terminal inserts and three or four repeats in the MTBR. Each repeat consists of an interrepeat or linker region and the conserved sequence. Contrasting models of tau in complex with microtubules suggest binding on the outer surface either along or across protofilaments (29, 30) or inside the microtubule lumen (31) . Both the negatively charged C-terminal tails of tubulin (32) and the interface between α/β-subunits (33) have been identified as important for tau binding. Although significant work has focused on this interaction, relatively little is known about the structural features of tau when associated with tubulin or microtubules. This lack of detail is, in part, because tau is intrinsically disordered in solution (34, 35) and appears to remain largely disordered even on binding, making its structural characterization challenging.
Single-molecule Förster resonance energy transfer (smFRET) is a powerful approach for probing conformations of large, dynamic proteins, including tau (22, 36) . In addition to providing insight into structural features of such proteins, the picomolar concentrations of Significance Tau is a neuronal microtubule-associated protein linked to numerous neurodegenerative disorders, including Alzheimer's disease. Several lines of evidence support tau aggregation as well as loss of its native interactions with microtubules as contributing to pathology. Here, we explored the largely overlooked first step of microtubule assembly, namely the interaction of tau with soluble tubulin heterodimers. Using single-molecule Förster Resonance Energy Transfer (smFRET), we determine the topological features of tau in complex with tubulin. Our results contrast differences in tau isoforms and underscore the importance of conformational flexibility in tau function.
protein required for measurements inhibit both tau self-association and tau-mediated polymerization of tubulin (22, 36) . Here, we use intramolecular smFRET to determine topological features of tau bound to soluble tubulin heterodimers. By independently probing multiple segments within tau, we investigate domain-specific conformational changes within the context of the full-length protein that provide insight into tau function. We find that binding to tubulin requires an expansion of the relatively compact ensemble observed for tau in solution, because long-range interactions between the termini and the MTBR are eliminated. Furthermore, binding is accompanied by local expansions of individual repeats within the MTBR without changing the overall dimensions, suggesting significant flexibility within this domain in its bound state. These results were used to create a model of tubulin-bound tau, which illustrates how tau's conformational plasticity enables accommodation of multiple tubulin dimers.
Results
Loss of Interactions Between the N and C Termini. The longest isoform of tau, 2N4R (Fig. 1) , was labeled at 11 sets of residues with donor (Alexa 488) and acceptor (Alexa 594) fluorophores. smFRET measurements were made in the absence and presence of tubulin heterodimers (SI Materials and Methods). The smFRET histograms from measurements of tau constructs that probe the long-range interactions between the N and C termini and between each of the termini and the MTBR are shown in Fig. 1 A, C, and D. In the presence of 10 μM tubulin, where tau is essentially completely bound (Figs. S1 and S2), large shifts toward lower mean energy transfer efficiencies (ET eff ) were observed for each of these constructs. For tau2N4R 17/433 , spanning nearly the entire length of the protein, the mean ET eff shifts from 0.24 ± 0.006 in the absence of tubulin to <0.1 in the presence of tubulin (Fig. 1A) . This overall expansion is also reflected in shifts in ET eff values for constructs probing the relationship between the N terminus and MTBR (tau2N4R 17/244 ) (Fig. 1C ) and the C terminus and MTBR (tau2N4R 354/433 ) (Fig. 1D) . Importantly, these results show that the surprisingly close contact between the N and C termini of tau that is observed in solution (36, 37) is lost on binding to tubulin (Fig.  1A) . Similarly, both termini, which also exhibit a relatively close interaction with the MTBR in solution (36) , extend away from this central domain in the tubulin-bound state ( Fig. 1 C and D) , revealing that tau adopts an overall open structure under these conditions. Subsequently, the loss of these long-range interactions exposes the MTBR and its flanking proline-rich region, promoting binding to tubulin.
Local Rearrangements Throughout the MTBR. Because the MTBR directly interfaces with tubulin, constructs spanning this region and overlapping all four repeats within this region of tau2N4R were measured ( Fig. 2 A-F) . The construct tau2N4R 244/354 spans nearly the entire MTBR; it shows only a small change in ET eff on binding to tubulin (Fig. 2F ). The lack of change is striking for two reasons. The first is that our previous smFRET measurements of the K16 fragment of tau (consisting of the proline-rich region and MTBR) labeled at the same positions found an expansion of this region on binding to tubulin (for tauK16, ΔET eff ∼ 0.07 with the addition of tubulin) (22) . However, in solution, this region of tau is more compact in the protein fragment than in the full-length protein [for tauK16 244/354 , ET eff = 0.40 (22) ; for tau2N4R 244/354 , ET eff = 0.32 ± 0.006]. The tubulin-bound conformations of both K16 and tau2N4R are comparable (ET eff ∼ 0.33), suggesting that the previously observed expansion for tauK16 244/354 may reflect the compaction of this region in the protein fragment in the absence of the flanking N and C termini. Another reason is that the constructs probing interrepeat distances within MTBR all show shifts to lower mean ET eff values on tubulin binding, indicating local expansion of these regions ( Fig. 2 A-E), despite the lack of change in the MTBR overall (Fig. 2F) .
The subdomain constructs spanning two, three, or all four of the repeats were designed to directly probe the relative relationships between the four repeat regions, enabling us to ascertain local conformational features. Although each of the subdomain constructs adopts a slightly more extended conformation on binding tubulin, the magnitudes of the shifts are not the same for all (Table  1) . To compare the extent of these changes, the mean ET eff values were first converted to root-mean-square (rms) end-to-end distances using a Gaussian chain polymer model (38) . We note that the conversion of ET eff values to meaningful distances for a system as complex as tau-tubulin is challenging. Indeed, for several of our constructs, shoulders are apparent in the ET eff histograms on binding to tubulin (Fig. 2) , whereas our analysis is derived from fitting the main peak of the histogram. These asymmetries likely reflect the heterogeneous nature of the tau-tubulin complex, which could reflect tau binding to different numbers of tubulin dimers or different topologies of tau in its bound state. Moreover, prior work from our laboratory (39) indicates that tubulin-bound tau likely consists of interspersed structured and disordered domains, further complicating this calculation. On the basis of comparisons of idealized α-helical and Gaussian coil end-to-end distances (Fig. S3) , we estimate that our use of an analytical polymer model is unlikely to introduce significant errors in distance calculations: the end-toend distance of an ∼15-residue α-helical segment is comparable with that of a Gaussian random coil of similar length (39) . Furthermore, to account for asymmetries or shoulders in the smFRET histograms, we also compared the (nonparametric) arithmetic means of the ET eff values in a peak with the peak positions estimated from Gaussian fits (SI Materials and Methods). The directly calculated mean ET eff values and thus, the calculated distances, differ only slightly from the fit-derived peak positions (Table S1 ), suggesting that Gaussian fitting does not introduce large errors in the distance calculations, even for asymmetric distributions. As such, all distance analysis discussed here was based on the Gaussian polymer model.
The percentage changes in rms in the presence of tubulin relative to the absence of tubulin (%Δrms) were calculated and normalized by the number of residues between the probes in each construct (SI Materials and Methods). As shown in Fig. 2 , the %Δrms/residue values are largest for two repeat-spanning constructs, with the greatest changes in tau2N4R 291/322 and tau2N4R 322/354 probing R2-R3 and R3-R4, respectively. The remaining adjacent repeat probe, tau2N4R 244/291 (R1-R2), shows significantly smaller change than these other two constructs, more comparable with the change seen in the three repeat constructs tau2N4R 244/322 and tau2N4R 291/354 (R1-R3 and R2-R4, respectively).
These data suggest that, although the individual repeat sequences undergo an expansion to accommodate binding to tubulin, there is significant flexibility between the bound regions, which allows for accommodation of these local changes without causing a significant change in the global features of the MTBR. Moreover, the greater expansions in repeats R2-R3 and R3-R4 are compatible with our previous results, which supported R3 in combination with R2 or R4 as the primary regions responsible for binding to soluble tubulin (22) .
The proline-rich region of tau N-terminally flanks the MTBR (Fig. 1 ) and significantly increases both microtubule binding affinity and assembly activity of tau (9) . A construct that spans the entire proline-rich region (P1 and P2) (Fig. 1) , tau2N4R 149/244 , Fig. 2 . smFRET histograms of constructs probing the MTBR of (A-F) tau2N4R and (G-I) tau2N3R in the absence (gray) and presence of 10 μM tubulin (blue and red for tau2N4R and tau2N3R, respectively). The bar plot shows quantification of the change in conformation of the MTBR on binding to tubulin (%Δrms/ residue). Constructs spanning two repeats show greater change per residue than those probing three or four repeats for both tau2N4R (blue) and tau2N3R (red). The two repeat-spanning constructs with the largest per-residue change all contain R3, a region that we have suggested is particularly important for tau binding to soluble tubulin. The brackets identify the number of repeats probed. The mean peak ET eff values in the absence and presence of tubulin converted to rms distances by a polymer model (as described in SI Materials and Methods) are listed. Construct denotes the positions of the fluorophores. Errors denote the SD from the mean of at least three independent measurements. NA, not applicable; NC, not calculated. *rms RC is the expected rms for the measurements in the absence of tubulin if tau had the properties of an ideal random coil in a good solvent calculated as described in SI Materials and Methods. † %Δrms/residue is the relative change in the dimensions of tau on binding to tubulin normalized to the number of residues between the fluorophores. shows significant shift in mean ET eff values on binding tubulin (Fig. 3A) (ΔET eff = 0.08). This result shows that, even in the absence of a direct interaction between the proline-rich region and tubulin, there is a conformational change in this region relevant to binding and function. In contrast, a construct encompassing P2, the portion of the proline-rich region adjacent to the MTBR tau2N4R 184/291 , undergoes only a slight change in conformation on binding tubulin (Fig. 3B ) (ΔET eff = 0.01). P2 has been proposed to play a key role in binding to microtubules (40) , and our data suggest that binding to tubulin does not require a significant conformational change in this region.
Comparison of 2N3R and 2N4R Isoforms. Tau isoforms containing three repeats in the MTBR (lacking R2) (Fig. 1 ) have lower microtubule binding affinities (9, 11) and assembly activity (41) and stabilize microtubules more weakly than tau2N4R (42), suggesting functional and potentially structural consequences of R2. Additionally, several mutations associated with tauopathies disrupt the ratio of 3R and 4R isoforms, suggesting that dysregulation of the expression of tau isoform levels is relevant to pathology (43, 44) . In solution and similar to tau2N4R (36), tau2N3R displays a relatively compact structure, with a significantly higher mean ET eff than expected (Table 1 ). The construct tau2N3R 17/433 has a mean ET eff = 0.23 ± 0.005 (Fig. 1B) ; detectable energy transfer for these probes separated by 386 residues suggests relatively close contact between the protein termini. Additionally, as observed for tau2N4R, the MTBR is relatively extended in solution, with dimensions comparable to a random coil in a good solvent (36) ( Table 1 and SI Materials and Methods).
On binding to tubulin, tau2N3R becomes significantly more expanded (Fig. 1B ) (ET eff < 0.1). The changes within the MTBR parallel those observed in tau2N4R; namely, although there are shifts in the mean ET eff values for the subdomain constructs to smaller values (i.e., longer distances) on binding to tubulin (Fig. 2 G and H) , overall, the dimensions of the MTBR do not undergo a significant change (Fig. 2I) . Moreover, the greatest magnitude change was in a two-repeat construct probing R3-R4 (tau2N3R 322/354 ) (Fig. 2) . Interestingly, the other two-repeat construct-probed tau2N3R 244/322 (R1-R3) shows a smaller expansion than R3-R4 but greater than the comparable tau2N4R construct (R1-R2) (Fig. 2) . These data suggest that in tau2N3R, where R2 is lacking, the N-terminal region of the MTBR must undergo a more significant expansion to accommodate binding to tubulin.
Discussion
Although tau's role as a regulator of microtubule dynamic instability is well-established, the molecular mechanism by which it promotes the assembly of tubulin into protofilaments and microtubules is still poorly understood. To obtain a complete description of this polymerization process, it is essential to describe the first step of the largely overlooked interaction of tau with soluble tubulin. Additionally, as much as 60% of tubulin exists in soluble form in the cytoplasm (45) , suggesting that it is a readily available binding partner, although little is known about the interaction of its soluble forms with tau or even other microtubuleassociated proteins.
Binding to tubulin opens up the compact "S" (36) or "paperclip" (37) ensemble observed in solution, exposing binding sites within the MTBR. Specifically, the long-range interactions between each of the termini and the MTBR are lost. This expansion is compatible with structural studies, which found that both termini of tau extend away from the microtubule surface when bound (46, 47) . Interestingly, the same type of expansion was observed previously for tau bound to the molecular aggregation inducer, heparin (36) , suggesting that the open conformation of tau is important both for function as well as in dysfunction. It is also of note that the N terminus of tau, which has the strongest propensity toward intrinsic disorder of all tau domains (36), maintains its extended, disordered character when bound to tubulin (Fig. S4) . Our observation supports NMR studies, which suggest that the N terminus retains high flexibility in the taumicrotubule complex (33, 35) . We find key differences between the heparin-and tubulin-bound tau conformations as well, showing that, although the binding sites for heparin and tubulin or microtubules may be the same (40), the conformational changes on binding are not simply the result of tau binding to anionic molecules or surfaces but are distinct conformational differences between the aggregation-prone and functional forms of tau. Although heparin binding is accompanied by a pronounced compaction of the MTBR (36), tubulin binding results in no significant change ( Fig. 2 F and I for tau2N4R and tau2N3R, respectively). The appearance of different conformational features in the presence of different binding partners is consistent with the concept that tubulin may effectively serve as a chaperone by binding to excess free tau and consequently, inhibiting tau aggregation.
Our focus on constructs that probe the relationship between specific repeat regions within the MTBR allows us to develop a more detailed picture of this functionally important region. In a previous study, we hypothesized that the primary binding site within tau for tubulin includes R3 (22) . This hypothesis is supported by our results here, where greater extensions are observed for constructs including R3 than for those lacking it (Fig. 2) . We expect tau to be associated with multiple tubulin dimers under the conditions of our measurements (39) . For tau2N4R, R2 or R4 (or potentially both) provides additional binding sites; for tau2N3R, which lacks R2, the additional binding site is R4. It is worth noting that a tubulin binding site centered on R3 is in contrast to what has been proposed for tau binding to microtubules, where the region spanning R1 and R2 is thought to be critical (11) . One possible outcome of separate binding sites for tubulin and microtubules is that it allows tau to associate with both simultaneously, which may have implications in tau function. Alternatively, the tau-tubulin complex may represent an earlier intermediate in the microtubule polymerization pathway. Through association with multiple tubulin dimers, tau may function as a scaffold that decreases the critical concentration for microtubule assembly.
We find that binding to tubulin imposes local expansions of individual repeats within tau's MTBR without a significant change in the overall dimensions (Fig. 2) . On the surface, this observation seems contradictory. However, it has been proposed that tau's interaction with microtubules is mediated by an array of short motifs within the MTBR, with flanking residues remaining flexible (33) . If a similar model holds for tau bound to multiple tubulin dimers, then we can rationalize that binding to tubulin may cause local expansion in regions involved directly in binding, whereas the flexibility of the flanking regions allows the overall dimensions of the MTBR to be maintained. Indeed, because the MTBR is already fairly expanded in solution, with dimensions close to those of a theoretical random coil, there may be no strong driving force for it to further expand on binding tubulin.
Additionally, our results exclude two extreme conformations. (i) The distances calculated from smFRET measurements are incompatible with a linear structure, because the average length of the construct spanning R1-R4 (∼79 Å) is considerably smaller than the sum of the distances of the R1-R2 and R2-R4 (∼120 Å) or the R1-R3 and R3-R4 (∼120 Å) constructs. (ii) We do not find evidence of the U-turn conformation within the MTBR recently proposed for tau bound to a single-tubulin dimer (48) . Such a conformation would be expected to result in very high FRET efficiencies in both our tau2N4R 184/291 and tau2N4R 244/291 constructs, which we do not observe (Figs. 2 and 3 ). This difference may not be terribly surprising, because our conditions of high-tubulin (10 μM) and low-tau (∼30 pM) concentrations would favor occupying all possible binding sites on tau and differ significantly from the protein concentrations required for the NMR measurements in that study. However, we note that titration over a range of tubulin concentrations results in apparent two-state conformational transition of tau (Fig. S2) , without evidence of a highly bent intermediate.
One must tread carefully in proposing "structural" models for dynamic, flexible, and heterogeneous protein assemblies, such as the one observed for tau and soluble tubulin. Although we do not want to promote the idea that a single, well-defined structure exists for tau when in a tau-tubulin complex, models are useful in visualizing what such an assembly may look like. Here, we created a topological model of tau bound to soluble tubulin (Fig. 4) . An ensemble of possible tau conformations was generated using PyRosetta with experimentally constrained Monte Carlo simulations as described previously (49) . The simulations were constrained by the pairwise distance distributions from our MTBR constructs (SI Materials and Methods) and also, considering partial helical structure in R3 (39) . This helical region allows for alignment of the resulting structures to calculate an "average" (Fig. S5). For Fig. 4 , we selected a single tau structure, which was consistent with our FRET constraints, and placed it in proximity to tubulin dimers, which allows us to visualize how binding to multiple dimers might be accommodated. Inherent to our model is that the MTBR does not fold in a single stable structure but instead, retains its intrinsically disordered features. Importantly, the formation of such a "fuzzy complex" (50) allows binding to several tubulin dimers and emphasizes the importance of conformational flexibility in tau function.
Binding of tau to soluble tubulin is relevant and may also be important to the pathological role of tau in disease (22) . Here, we probe the conformational features of tau bound to tubulin. We find a loss of long-range interactions that expose the MTBR; the MTBR itself undergoes local conformational changes to accommodate its interaction with tubulin. Our data support a model whereby tau retains much of its intrinsic disorder, providing a flexible scaffold with multiple tubulin or microtubule binding sites. This feature is noteworthy, because like many intrinsically disordered proteins, tau's interactions with its binding partners are heavily regulated by posttranslational modifications (51) . Establishing that tau retains much of its disordered character when binding tubulin supports that tau may be susceptible to posttranslational modification even in its bound state, which may have implications for understanding tau's roles in function and disease.
Materials and Methods
Protein Expression and Labeling. Tau2N4R and tau2N3R were expressed and purified as described previously (22, 36) . For smFRET constructs, site-specific labeling was performed by introducing cysteines at desired locations for reaction with maleimide fluorophores Alexa Fluor 488 and Alexa Fluor 594 (Life Technologies). Tubulin was purified as described previously. Details are in SI Materials and Methods.
smFRET Measurements. smFRET experiments were carried out on a laboratorybuilt instrument based on an inverted Olympus IX-71 Microscope (Olympus) as described previously (22, 36) . Each smFRET histogram was acquired using ∼50 pM tau in the absence or presence of 10 μM tubulin. All measurements were taken at 20°C and under nonassembly conditions (in 20 mM Tris buffer, 50 mM NaCl, pH 7.4). For constructs where the data peak could not be distinguished from the zero peak, measurements were performed using alternating laser excitation (Fig. S6) . A Gaussian coil polymer model was used to convert ET eff values into rms distances (38) . Details are in SI Materials and Methods.
